Abstract-This paper proposes a continuous dynamic wireless power transfer system for electric vehicles that reduces power pulsations during the charging process. Multiple rectangular unipolar coils are used at the primary side as the transmitters, and another unipolar coil works as a receiver at the secondary side. The transmitters are placed closely together to reduce the variation of magnetic fields along the moving track of the receiver. This structure induces self-coupling between the adjacent transmitters. An LCC-compensated circuit topology is utilized, and a compensation parameter design is provided which considers self-coupling between the primary coils. Finite-element analysis of the dynamic charging system is performed using Maxwell. The receiver size is optimized to reduce the variation of the coupling coefficient. A 1.4-kW dynamic charging prototype is constructed according to the designed coil structure and circuit parameters. There are six transmitters, each with dimensions 388 mm×400 mm, and one receiver with dimensions 485 mm×400 mm. Experimental results show that the output power pulsation is within ±7.5% in the dynamic charging process, and the maximum efficiency is 89.78%. If the edge effects of the transmitters are neglected, then the power pulsation is within ±2.9%.
vehicle through an air-gap distance of around 150 mm. The efficiency of the IPT system from the dc source to the dc load has reached higher than 96% at an output power of 7 kW [3] , which makes the wireless charger comparable with wired charger technology.
Most of the present IPT systems focus on stationary charging applications. The vehicle is parked over the charger, and the receiver should be well-aligned with the transmitter. Otherwise, when there is a large misalignment between the receiver and transmitter, the output power and efficiency will drop significantly [4] .
Dynamic charging is a promising technology that can help promote the adoption of EVs [5] . When the vehicle is moving on the roadway, it can be continuously powered. The driving range of the EV can be extended, and a smaller battery pack can be used in order to reduce the vehicle weight and improve transportation efficiency [6] [7] [8] . If 20% of the roads possess a 40-kW dynamic charging system, the driving range of an EV can be extended by at least 80% [9] .
Dynamic charging systems can be classified according to the length of their transmitter coils: i.e., either long-track-loop transmitters [10] [11] [12] or short-individual transmitters [13] . The long-track-loop transmitter is usually between 10s to 100s of meters long, which is much longer than the vehicle length. Therefore, it can support multiple vehicles simultaneously [14] , [15] . Its advantage is simplicity and a minimal number of circuit components. It is commercially available in Korea, where it is named the online electric vehicle (OLEV) [16] , [17] . The total length of the transmitter is 90 m in a 3460 m route, and the maximum charging power is up to 100 kW [18] . To eliminate the radiated magnetic field, the transmitter can be twisted into an "X" shape [19] , and an extra active field-canceling coil can be applied in addition to the transmitter [20] . In addition, the width of the transmitter and receivers can be designed to be asymmetric to improve the output power tolerance to lateral misalignment [21] , [22] . In other designs, an additional quadrature coil is added to the receiver side to improve the misalignment ability even further [23] , [24] .
The limitation of the long-track-loop transmitter structure is its low efficiency. The maximum efficiency of the OLEV system is about 74% at 27 kW output [21] . This is because the inductance of the long transmitter is so large that the switching frequency is usually limited to 20 kHz. The quality factor Q = ωL/R of the long loop is therefore lower than the stationary system, which typically switches at 85 kHz [25] . Since the receiver is much smaller than the transmitter, the coupling coefficient is also small. Therefore, according to [26] , the efficiency of the long-track-loop dynamic charger is lower than the stationary chargers.
In the short-individual transmitter setting, the transmitter is the same size as the transmitter in the stationary charging system, which is usually within 1 m [27] , [28] . Multiple short transmitters are arranged in an array to form a tracking lane for the vehicle. Since each transmitter coil has its own compensation network, it is more flexible to design the total length of the powered roadway. Also, the transmitters can be excited according to the receiver position. When the receiver leaves, the transmitters can be turned off, resulting in higher efficiency and lower magnetic field emissions [29] , [30] .
The limitation of the short-individual transmitter structure is its complexity, as it requires a large number of compensation components and power electronic converters. The total cost is higher than the long-track-loop system. Therefore, several coils can be connected in series or parallel to share the same power electronic converter in order to reduce system cost. Another drawback of the short structure is the power pulsations experienced by the receiver while moving. The primary transmitters are usually arranged far away from each other to eliminate the self-couplings among them. Therefore, the magnetic field is weak in the positions between the transmitters, and the received power drops when the receiver moves to a position between two transmitters. For example, in [29] , the output power drops to nearly zero between two transmitters. One solution to reduce the power pulsation is to place the transmitters close to each other to increase the magnetic fields between them. The received power in the middle positions can therefore be increased. However, the power pulsations also exist in [27] and [28] . When the distance between the transmitters is about 30% of the transmitter length, the power pulsation is still 50% of the maximum power [28] .
The limitation that prevents the transmitter coils coming closer is the self-couplings between them, which brings challenges to the compensation circuit design. In previous designs [27] [28] [29] , the distance between the adjacent transmitters is large enough that the self-couplings can be neglected. If the separated distance keeps decreasing, the power pulsation is further reduced, and the self-couplings between the transmitters have to be considered in the compensation circuit design, which is an important contribution of this paper.
In this paper, six transmitter coils are arranged closely to reduce the power pulsation between two adjacent coils. The self-coupling between adjacent transmitters is considered when designing the circuit parameters. The size of the receiver coil is designed to minimize the power pulsations. Six transmitter coils are powered simultaneously by a single inverter to simplify the power electronics circuit structure. Each transmitter coil is compensated individually by its own compensation circuit, and is connected in parallel with other transmitter coils and their corresponding compensation circuits. In this structure, it is convenient to adjust the total length of the transmitters and it can also help to reduce the voltage stress on the compensation capacitors. With the designed coil size and circuit parameter values, the output power pulsation is within ±2.9% of the average power. 
II. COIL DESIGN FOR CONTINUOUS DYNAMIC CHARGING
This paper adopts the short-individual transmitter approach to realizing the dynamic charging system. In this section, the structures and dimensions of the transmitters and receivers are provided. Finite-element analysis (FEA) simulations are performed using Maxwell to determine the self-inductances and the coupling coefficients of the coils.
A. Structure Design
The front and 3-D view of the coil structure are shown in Fig. 1 , and the dimensions are also labeled in Fig. 1 . There are six unipolar transmitters in our setup, labeled P 1 to P 6 . The receiver coil is also a unipolar structure, labeled as S a . The definitions of the dimensions are described in Table I .
In our setup, Litz wire is used to build the coils, and ferrite plates are used with both the transmitter and receiver to increase the magnetic coupling. Furthermore, aluminum sheets are used to reduce magnetic field leakage. The thickness of the coils h c is determined by the diameter of the Litz-wire. It contains 1900 strands AWG 38 wires and the total diameter is 6 mm. The thickness of the ferrite plate h m is 5 mm, and the thickness of the aluminum h Al is 2 mm. The distance between the ferrite plate and aluminum sheet is set to 25 mm to reduce the eddy current loss in aluminum sheet. The receiver displacement p o is defined as the distance between the left edge of the receiver coil and the left edge of the transmitter coil. Fig. 1 also shows that the length and width of the ferrite are 50 mm larger than the coil for better coupling. Meanwhile, the length and width of the aluminum sheet are 50 mm larger than the ferrite to provide better shielding.
B. Transmitter Design
The main contribution of this paper is to study the selfcoupling between transmitter coils, and design a compensation circuit for the coupled transmitters. Due to space limitations, the transmitter length l p is set to 388 mm, the width w p is set to 400 mm, and the coil width l w p is set to 54 mm, which means that each coil has nine turns. Therefore, the transmitter coil spacing d p is the only variable. The FEA simulated relationship between d p and the coupling coefficient between the transmitters is shown in Fig. 2 , where Maxwell was used.
All the transmitter coils are excited by currents flowing in the same direction. In Fig. 2 , k 12 indicates the coupling between adjacent transmitter coils, and the others indicate the coupling between nonadjacent coils. The sign of the coupling coefficient depends on the direction of the magnetic flux linkage coupled from one coil to the other [31] . In this system, since all six transmitter coils are identical and arranged in the same plane, the positive direction of the magnetic flux linkage can be defined when two transmitter coils are perfectly overlapped. Fig. 2 shows that the coupling coefficient k 12 decreases from positive to negative with the parameter d p , which defines the space between the transmitters. It shows that when the transmitter spacing d p is positive, the adjacent coupling coefficient k 12 is negative. As the spacing d p decreases to negative values, which means the transmitter coils overlap, the coupling decreases to a minimum value. With further increasing overlap, the coupling increases to positive values. The couplings between nonadjacent transmitters are always negative as shown in Fig. 2 . Fig. 2 shows that when the adjacent transmitters have about 110 mm overlap, they are decoupled. However, k 13 = −0.045, k 14 = −0.026, k 15 = −0.018, and k 16 = −0.017, which means that the coupling with nonadjacent coils therefore cannot be neglected. The transmitter coils cannot be completely decoupled from one another. Furthermore, a 110 mm overlap means the transmitter loses 28% of its total effective length. In real applications, insulation between the overlapped coils is also an important concern. Therefore, the overlapped structure is not considered. In this paper, the transmitter spacing d p is set to 0, which means the transmitter coils are placed immediately next to each other. This structure effectively makes use of the coil length, and avoids low power areas between the transmitter coils. It can also help to reduce the variation of coupling coefficients between the transmitter coils and the receiver coil. The transmitters are negatively coupled, and the coupling coefficients and mutual inductances are shown in Table II . The lower left triangular data are the coupling coefficient, and the upper right triangular data are the mutual inductance in μH. For the mutual inductance, M ij = M j i (i = j). The total mutual inductance of the i th transmitter with the other transmitters is defined as M i , which is shown as follows:
With the parameters in Table I, 
C. Receiver Design
As shown in Fig. 1 , a unipolar coil is used as the receiver. For simplicity, the receiver width w s and receiver coil width l w s are designed to be the same as the transmitter coils, which means w s = 400 mm and l w s = 54 mm. The receiver length l s is therefore the only variable considered.
When the receiver moves along the transmitter coils, power transfer occurs with each transmitter coil through magnetic coupling. The sum of their powers is the total received power, and the amount of power from each transmitter coil is determined by the coupling coefficient. One target of this design is to minimize the power variation in the dynamic charging process by optimizing the receiver size. If the receiver size is the same as the transmitter, l s = l p = 388 mm, the resulting coupling between the receiver and transmitter coils is shown in Fig. 3(a) . The dashed lines represent the couplings with each transmitter, defined as k 1a , k 2a , k 3a , k 4a , k 5a , and k 6a , respectively. When the receiver moves close to one transmitter, they are positively coupled. When the receiver moves away, the coupling dereases to negative values. The total coupling k a is shown as a solid red 
, and k 6 a are the coupling coefficients between receiver and each of the six transmitters. line, and defined as follows:
The total coupling is therefore the sum of six pulses, and there is variation in k a due to the pulses. In the transmitter design, the spacing d p between the transmitters has been set to zero to reduce the variation of coupling coefficient k a . If the spacing d p increases, the variation of k a will also increase.
The receiver size was then increased to l s = 1.25 × l p = 485 mm, and the resulting couplings are shown in Fig. 3(b) . The shape of each individual coupling widens with the increasing receiver size. When they are added together, the variation of the total coupling k a is reduced. Since the coupling coefficient relates to system power, this means that there will be little variation in the output power, and the vehicle can receive approximately constant power when it is driving on the roadway.
When the receiver size increases to l s = 2.0 × l p = 776 mm, the couplings are shown in Fig. 3(c) . The shape of each individual coupling becomes much wider. When they are added together, their variations cannot be canceled and the ripple in the total coupling k a returns. Another important phenomenon shown in Fig. 3 is that there are two peaks in the total coupling k a , when the receiver moves in and out of the transmitter coils. The details of Fig. 3(b) are shown in Fig. 4 . Here, the two peaks at the ends are much more obvious. When the receiver moves to the ends, all the transmitters are on one side of the receiver, and there is lower negative coupling with the receiver. The output power is therefore larger compared to the other positions. The middle section is defined as [l p , 5 × l p − l s ], when the receiver moves to the second transmitter and away from the fifth transmitter. In the labeled middle section, the variation of the coupling coefficient is only ±2.1%. In the middle section, considering the couplings in Figs. 3 and 4 , the relation between the average coupling, coupling variation, and receiver length l s is shown in Fig. 5 .
When the receiver length l s increases from 194 to 776 mm, the average total coupling coefficient k a increases from 5.8% to 16.8%. However, the coupling variation is not monotonic with the receiver length. With increasing l s , the variation first decreases to the minimum and then increases. The lowest variation occurs at 485 mm, so this value is chosen to realize the receiver. The average coupling k a is 0.130, and the self-inductance of the receiver L a = 105.46 μH. When l s increases larger than 679 mm, although the variation decreases, the receiver becomes more difficult to realize. Using the design choices discussed above, the dimensions and inductance values of the transmitters and receiver are summarized in Table III .
III. LCC COMPENSATION CIRCUIT DESIGN FOR SELF-COUPLED TRANSMITTERS
The double-sided LCC compensation circuit topology is proposed in [25] . The advantage of this topology is that it performs as a current source to both the input and output, and it can maintain relatively high efficiency at both light and heavy load conditions. In the proposed self-coupled dynamic charging system, the LCC compensation topology is adopted, and the compensation circuit parameter design should consider all the couplings between transmitter coils. There are six coils at the transmitter side and one at the receiver side. When the power losses in all the components are neglected, the circuit is as shown in Fig. 6 .
At the transmitter side, the input of the system is a dc source V in , which is connected to a full-bridge inverter to apply a highfrequency ac voltage V 1 to the resonant circuit. Each transmitter coil is compensated individually and then connected in parallel with other transmitters.
The parallel connection has two advantages. First, it provides the convenience to adjust the total length of the transmitter track. Especially in the long track application, it is flexible to add more transmitter coils connected in parallel with the existing transmitters without too much influence on the compensation circuit design. Second, it helps to reduce the voltage stress on the compensation capacitors. Since the transmitter coils are segmented, the voltage stress on each coil is reduced. Therefore, the voltage stress on the corresponding compensation capacitors for each transmitter is also reduced.
If all transmitter coils are connected in series, it will result in a large self-inductance at the primary side. In this structure, a single compensation circuit is enough and the circuit topology is therefore simplified. However, it is difficult to vary the length of the transmitter track, which requires disconnecting the exiting circuit and redesigning the compensation circuit. Also, it is difficult to design the compensation capacitors due to the too large self-inductance of the long track transmitter. Therefore, the parallel connection is used in this paper to realize dynamic charging.
There are six resonant tanks at the transmitter side, corresponding to the six transmitter coils. Due to the self-coupling at the transmitter side, the resonance of each transmitter coil also relies on the coupling with other transmitters. The receiver coil is also compensated by an LCC network, followed by a full-bridge rectifier. The input voltage to the rectifier is a square wave, and the output load is the battery pack on the vehicle, which is represented by a voltage source V out .
In the LCC network, L f and C f behave as a low-pass filter, so there is no high-order current injected into the coils. The fundamental harmonics approximation (FHA) method [25] is therefore used to analyze its working principle. The output voltage V 1 of the inverter and input voltage V a of the rectifier are approximated as sinusoidal sources. Therefore, Fig. 6 is simplified as Fig. 7(a) .
A. Working Principle of the Resonant Circuit
In Fig. 7(a) , the magnetic coupling between the coils is represented by current-controlled voltage sources. Each transmitter is coupled with the other five transmitters and the receiver. The receiver is coupled with all six transmitters. The coupled voltage in a coil depends on the mutual inductances and the circulating current in the other coils.
Since the circuit in Fig. 7(a) is linear, the superposition theorem can be used to analyze the circuit; i.e., the two sources can be analyzed separately, and the results can be added together.
When the circuit is excited only by the input source, the resonances are shown in Fig. 7(b) . L f a and C f a form a parallel resonance at the secondary side, and behave as an infinite impedance. The receiver coil is therefore treated as an open circuit; i.e., I La = 0. The reflected voltages to the primary transmitters are all zero. The resonant frequency is designed to be the switching frequency f sw , and the parameter relationship is 
At the transmitter side, there are also six parallel resonances, considering all the self-coupling between transmitters. For each transmitter, the coupled voltage with the other transmitter coils can be expressed as 2, 3, 4, 5, 6 . (4) The impedances of the resonances are infinite to the input source V 1 , and there is no current flowing through L f 1,2,3,4,5,6 . Therefore, the parameters should satisfy the following equations, which is a design goal of the circuit parameters:
where the equivalent self-reactance X i (i = 1, 2, 3, 4, 5, 6) of each loop shown in Fig. 7(b) is defined as
At resonance, there is no current flowing through L f , and so V C f i = V 1 (i = 1, 2, 3, 4, 5, 6). Then, the transmitter coil currents are calculated as
Considering (5) and (7), the relationship between X i and the capacitors C f i can be calculated as
In Fig. 7(b) , although there is no current circulating in the receiver coil, there is voltage transferred to the receiver side, which is indicated in Fig. 7 and expressed as
Then, the output current in the inductor L f a is calculated as
When the circuit is excited only by the output source, the result is shown in Fig. 7(c) . Similarly to Fig. 7(b) , there are also multiple parallel resonances highlighted in the circuit. At the primary side, they can be expressed as follows, which is another design goal of circuit parameters:
The parallel resonance of L f i and C f i behaves as an infinite impedance for the transmitter coils, so there is no current flowing through them.
On the secondary side, the capacitor C a can be designed to maintain a parallel resonance in the receiver. The relationship between the parameters is shown as
In this case, there is no current flowing through L f a , so the voltage on C f a is also the output voltage V a , and the circulating current in the receiver is given by
The reflected voltage to each transmitter coil is expressed as
The input current in the inductor L f i is therefore calculated as
The total input current I p is the sum of I i (i = 1, 2, . . . , 6), and is expressed as follows:
From the previous analysis, it shows that the input current only depends on the output voltage, and the output current only depends on the input voltage. The circuit therefore performs as a current source for both the input and output.
B. Calculate System Power
The input and output currents are expressed in (10) and (16) . A full-bridge diode rectifier is used at the receiver side. The phase of the output voltage V a is determined by the inductor current I Lf a . When the current I Lf a is flowing, the output voltage V a is clamped to V out or (−V out ), depending on the direction of I Lf a . The output voltage V a and current I Lf a are therefore in phase. Equation (10) shows that V 1 leads I Lf a by 90°, and (15) shows that I i leads V a by 90°. Therefore, V 1 and I i are also in phase. It means that unity power factor is realized for each transmitter coil.
Since the output voltage V a is in phase with output current I Lf a , the output power can be calculated from (10) as
Also, the input voltage V 1 and the input current I i are in phase, and the input power can be calculated from (16) as
According to the resonances indicated in (3) and (11), the input and output powers are equal to each other, which agrees with the previous assumption to neglect the component losses.
In Section II, the six transmitter coils are designed to be identical, and they are placed adjacent to each other. Therefore, their self-inductances and mutual inductances satisfy the following expression:
The compensation parameters are chosen to be identical, i.e.,
Therefore, the system power in (17) and (18) is given by
Considering (2) and (19), it can be rewritten as
This shows that system power is proportional to the coupling coefficient, mutual inductance, and input and output voltages.
IV. 1.4-KW DYNAMIC CHARGING SYSTEM DESIGN
In this section, a 1.4-kW input power dynamic charging system is designed. The scaled-down power level is based on the capability and space limitation of our laboratory.
A. Circuit Parameter Design
The inductances of the coils have been provided in Table III , and the inductors L f i and L f a are determined according to the power in (21) . To reduce the circulating current in the transmitters, L f i is designed to be two times larger than L f a . The values of capacitors C f i and C f a are provided in (3) and (11). Considering (3), (6), and (8), the capacitor C i is given by
It needs to be emphasized that the high-order harmonic current [25] helps to achieve soft switching. Therefore, all the parameter values for a 1.4-kW dynamic charging system are shown in Table IV B. System Simulation With the parameters in Table IV , the circuit performance is simulated in LTspice. When the receiver position p o is set to 776 mm, Fig. 3 input voltage V 1 . At this position, the receiver is only positively coupled with the third transmitter, so the current I 3 is high and the other currents are close to zero. The peak voltage and current stresses of the circuit components are also acquired from circuit simulation, which is shown in Table V . The MOSFETs can achieve soft switching, so the peak voltage stress is the input dc voltage 180 V and the peak current stress is 22 A. For the diodes, the peak voltage stress is the output dc voltage 150 V, and the peak current stress is also 22 A. For the compensation capacitors, the capacitor C a has the highest voltage stress and the capacitor C f a has the highest current stress. Therefore, in the prototype, multiple capacitors should be connected in series and parallel to acquire higher voltage and current ratings.
The magnetic field around the system is also simulated. The receiver position p o = 776 mm is again set as the example point, which is shown in Fig. 9 . Since aluminum shielding is used with the transmitters and receiver, the emission of magnetic fields is reduced. The International Commission on Non-Ionizing Radiation Protection (ICNIRP) has published thelatest guidelines for safe operation in 2010, which is called ICNIRP 2010 [32] . They require that the exposure limitation of magnetic field for the general public is 27 μT at 85 kHz. Fig. 9 shows that the emission of magnetic fields is below the safety requirement at a distance of 400 mm away from the system. 
V. EXPERIMENTS
A prototype is constructed with all the coil parameters in Section II and the compensation parameters in Section IV. The structure and dimension of the primary transmitters coils P 1 − −P 3 are shown in Fig. 10 . The aluminum sheet is the bottom layer, the ferrite plate is placed in the middle, and the transmitter coils and compensation inductors the top layer. The ferrite plate demensions are larger than the coils to increase the coupling, and the aluminum sheet dimensions are larger than the ferrite to provide better shielding.
The compensation inductors L f i (i = 1, 2, . . . , 6) are integrated inside the transmitter coils [33] . This can help to reduce the system size. The transmitters have a unipolar structure and the compensation inductors have a bipolar structure, which helps to eliminate the coupling between the transmitters and the inductors. Using these transmitters, the dynamic system prototype is shown in Fig. 11 .
All six transmitter coils are identical and connected in parallel. They share a single full-bridge inverter. The rectifier and its compensation circuit are connected to a dc load through a rectifier, which operates in constatnt voltage mode. The compensation inductors are integrated into the main coils to save space. The main coils are made from 1900-strand AWG 38 Litz-wire, and the inductors L f i and L f a use 800-strand AWG 38 Litzwire. The ferrite plate material is PE40 from TDK. A generalpurpose full-bridge inverter is used at the primary side to provide ac excitation. It contains four silicon carbide (SiC) MOSFETs (C2M0025120D) with a rating voltage of 1.2 kV. In future research, the power level of the prototype will be increased and this inverter will continue to be used in the high power system. The output rectifier adopts SiC diodes (IDW30G65C5) with a voltage rating of 650 V, which can also be used in the future high power system.
When the receiver position p o = 776 mm, the experimental voltage and current waveforms are shown in Fig. 12 , which are similar to the simulated waveforms in Fig. 8 . The output voltage V a is inverted by 180°due to the connection of the voltage probe. The inverter achieves a soft-switching condition.
When the receiver moves along the transmitters, the output power and efficiency are shown in Fig. 13 . The shape of the output power waveform is similar to the coupling coefficient in Fig. 4 . The output power stays about 1.4 kW with a variation of ±7.5%, over the entire range. When considering the middle section (388 mm, 1445 mm), the output power variation is only ±2.9%. From the dc source to the dc load, the system's highest efficiency is 89.78%.
Using the circuit components model presented in [34] , the power loss in each component can be estimated, as shown in Fig. 14 . The ferrite consumes the highest power of all the components, so the system efficiency can be improved through using better magnetic materials and optimizing the design of the ferrite. 
VI. CONCLUSION
This paper has proposed a dynamic charging system that reduces the power pulsations in a dynamic charging system. The transmitters are placed next to each other to eliminate power dips between coils. The receiver size is optimized to maintain a relatively constant coupling coefficient with the transmitters. The double-sided LCC-compensation network is adopted in this paper, considering the coupling between the transmitter coils. A 1.4-kW prototype was constructed to validate the design. The experimental results show a ±7.5% power ripple in the whole range, and ±2.9% ripple in the middle section. The system efficiency from dc source to dc load reaches 89.78%.
